In the developing nervous system axons navigate with great precision over large distances to reach their target areas. Chemorepulsive signals such as the semaphorins play an essential role in this process. The effects of one of these repulsive cues, semaphorin 3A (Sema3A), are mediated by the membrane protein neuropilin-1 (Npn-1). Recent work has shown that neuropilin-1 is essential but not suf®cient to form functional Sema3A receptors and indicates that additional components are required to transduce signals from the cell surface to the cytoskeleton. Here we show that members of the plexin family interact with the neuropilins and act as co-receptors for Sema3A. Neuropilin/plexin interaction restricts the binding speci®city of neuropilin-1 and allows the receptor complex to discriminate between two different semaphorins. Deletion of the highly conserved cytoplasmic domain of Plexin-A1 or -A2 creates a dominant negative Sema3A receptor that renders sensory axons resistant to the repulsive effects of Sema3A when expressed in sensory ganglia. These data suggest that functional semaphorin receptors contain plexins as signal-transducing and neuropilins as ligand-binding subunits. q
Introduction
Chemorepulsive signals play an important role in the development of neuronal connections and may contribute to the non-permissive environment that prevents regeneration in the mature central nervous system. The receptors and downstream signal transduction cascades that translate the binding of axonal guidance signals into structural changes of the cytoskeleton have attracted, therefore, considerable interest. One family of repulsive cues, the semaphorins, exert powerful effects on a wide variety of axons and cause a dramatic redistribution of actin ®laments in the axonal growth cone. They form a large family of secreted and membrane-bound proteins that has been implicated in the patterning of neuronal connections (Goodman, 1996; Mark et al., 1997; Mueller, 1999) . Semaphorin (Sema) 3A, in particular, has potent repulsive effects on a variety of axons (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995; Kobayashi et al., 1997; Bagnard et al., 1998; Chedotal et al., 1998; Polleux et al., 1998) . Biochemical and genetic approaches have demonstrated that the neuropilins are essential components of the receptors for the secreted class 3 semaphorins (Chen et al., 1997 (Chen et al., , 1998a He and Tessier-Lavigne, 1997; Kitsukawa et al., 1997; Kolodkin et al., 1997; Giger et al., 1998) . Both neuropilin-1 (Npn-1) and -2 bind essentially all class 3 semaphorins tested so far although they differ in their af®nities for individual ligands (Chen et al., 1997; Feiner et al., 1997; Giger et al., 1998; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Takahashi et al., 1998) . The effects of Sema3A are thought to be mediated mainly by Npn-1 while Sema3F acts probably via Npn-2 and Sema3C via Npn-1±Npn-2 heterodimers (Chen et al., 1998a; Giger et al., 1998; Takahashi et al., 1998) . Their relatively short cytoplasmic domain, however, suggested that the neuropilins may not be able to activate downstream signal-transduction pathways by themselves and may require additional components to form a functional semaphorin receptor. Indeed, analysis of Npn-1 deletion mutants demonstrated that neither cytoplasmic nor transmembrane sequences are required for its function. In addition, the properties of recombinant neuropilins differ from those observed for receptors expressed by neurons. The EC 50 of Sema3A (30 pM for its collapsing activity) is signif-icantly smaller than its af®nity for recombinant Npn-1 (K d 1:15 nM) (Luo et al., 1993; He and Tessier-Lavigne, 1997; Chen et al., 1998a; Koppel and Raper, 1998) . Sensory axons express high levels of Npn-1 but respond only to Sema3A while Sema3C, which also binds to Npn-1 with high af®nity, has no effect on these axons (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995; Chen et al., 1997 Chen et al., , 1998a He and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Giger et al., 1998; Takahashi et al., 1998) . Taken together, these data suggest that the neuropilins are essential components of a receptor for the class 3 semaphorins but not suf®cient to constitute a functional receptor that is able to distinguish different semaphorins and activate downstream signal transduction cascades.
The identi®cation of Plexin A as receptor for Drosophila class 1 semaphorins (Winberg et al., 1998) and of VESPR (Plexin-C1) for virally encoded semaphorins (Comeau et al., 1998) led us to investigate the possibility that members of the plexin family are the missing co-receptors for class 3 semaphorins. Here we show that vertebrate plexins and neuropilins form complexes that can distinguish between different class 3 semaphorins. Expression of truncated plexins in sensory neurons has a dominant-negative effect on their response to the repulsive signal Sema3A. Our results suggest that the repulsive effects of Sema3A are mediated by plexin/neuropilin complexes that require the cytoplasmic plexin domain to activate the downstream signal transduction machinery. While this manuscript was in preparation two studies reporting similar results were published (Takahashi et al., 1999; Tamagnone et al., 1999) . However, in contrast to Takahashi et al. (1999) we found that plexin/ neuropilin complexes differ not in their af®nity but their number of binding sites for Sema3A and 3C. Thus, our data suggest that the interaction with plexins determines the binding capacity of neuropilins for class 3 semaphorins.
Results

Plexins bind neuropilins
Searches of GenBank allowed us to identify four new human plexin genes in addition to the known sequences Maestrini et al., 1996; Fujisawa et al., 1997; Comeau et al., 1998 ) that form two subclasses (B and D) distinct from the plexins described originally by Fujisawa and co-workers (Plexin-A1, -A2, -A3) and from VESPR (Plexin-C1) (Fig. 1) . While the amino acid sequences of different subclasses are 28±34% identical when their extracellular domains are compared, the large cytoplasmic domain is highly conserved between all members of the family (48±87% amino acid sequence identity).
In order to test if these plexins can act as co-receptors for class 3 semaphorins, their interaction with neuropilins was analysed by immunoprecipitation (IP) after co-expressing VSV-tagged plexins with HA-tagged Npn-1 or -2 in 293T cells. Both Npn-1 and Npn-2(b0) could be co-precipitated with Plexin-A1, -A2, -A3, and Plexin-B1 (Fig. 2) . Similar results were obtained with the Npn-2(a0)-isoform (data not shown). No interaction between neuropilins and Plexin-D1 could be observed. This complex may be less stable and could therefore have escaped detection by IP. Thus, neuropilins form stable complexes with most plexins tested.
Differential binding of Sema3A and Sema3C to plexin/ neuropilin complexes
Markedly different values have been reported for the EC 50 of Sema3A and its af®nity for recombinant Npn-1 (Luo et al., 1993; He and Tessier-Lavigne, 1997; Chen et al., 1998a; Koppel and Raper, 1998) . Different combinations of plexins and neuropilins were co-expressed in 293T cells to test if their interactions alter the binding properties of neuropilins. The binding of Sema3A and Sema3C to transfected cells was analysed using alkaline phosphatase (AP) fusions proteins as receptor af®nity probes (RAPs; Flanagan and Leder, 1990) . While Plexin-A1 itself did not bind Sema3A or Sema3C (Fig. 3A , and data not shown), co-expression of Plexin-A1 and -A2 with Npn-1 resulted in an increased binding of AP-Sema3A compared to cells expressing just neuropilin ( Fig. 3A ; the histochemical reaction was stopped shortly after weak staining of Npn-1 expressing cells was observed to visualize differences in bound AP-activity). Thus, as shown by IP the RAP assay demonstrated an interaction between Npn-1 and plexins that changed the ligandbinding properties of Npn-1. Quantitative analysis of Sema3A and 3C binding to different Npn±plexin complexes . Surprisingly, co-expression of Npn-1 and Plexin-A1 or -A2 resulted in an increase in the number of binding sites (B max ) by a factor of 2.5^0.1 (Plexin-A1) and 2.51
.2 (Plexin-A2), respectively, compared to an equal amount of neuropilin (Fig. 3B, panel a) . This was not due to differences in Npn-1 expression as the binding assays were normalized to the amount of neuropilin present on the surface of transfected cells. The same results were obtained for Sema3C when Plexin-A2 or Plexin-B1 were coexpressed with Npn-2 (Fig. 3B , panels c,d; increase by a factor of 2.2^0.2). This increase in the B max was independent of the incubation temperature for the binding reaction and could also be observed when Plexin-A2/Npn-2 or Npn-2 were incubated with Sema3C at 48C instead of 378C (data not shown). Co-expression of Npn-1 and Plexin-B1 or Npn-2 and Plexin-A1 had no obvious effect on the binding of Sema3A or Sema3C, respectively (Fig. 3B , panels b±d, and data not shown). Interestingly, co-expression of Plexin-A1 and Npn-1 had opposing effects on the ability of Npn-1 to bind Sema3A or Sema3C. While Plexin-A1/Npn-1 complexes displayed an increased number of binding sites for Sema3A they showed decreased binding of Sema3C (Fig. 3B , panels a,b; decrease by a factor of 1.94^0.1) suggesting that the presence of Plexin-A1 in this complex allowed it to discriminate between two different class 3 semaphorins as described for semaphorin receptors in vivo (Feiner et al., 1997; Chen et al., 1998b) .
Dominant-negative effects of truncated plexins
The presence of a large and highly conserved cytoplasmic domain suggests that plexins might represent the signaltransducing component of a functional semaphorin receptor. Deletion of this sequence should create a dominant-negative receptor that is able to reduce the sensitivity of axons for the repulsive effects of Sema3A when introduced into sensory neurons. To test this hypothesis we constructed expression vectors for truncated plexins by replacing the cytoplasmic domain of Plexin-A1 or -A2 by EGFP. Sensory ganglia explanted from E12.5 mouse embryos were transfected with expression vectors for EGFP or truncated plexins and tested for their response to co-cultured cell aggregates secreting Sema3A. To assess the effects of truncated plexins on the sensitivity of sensory axons for Sema3A, dorsal root ganglia (DRGs) were electroporated and axons visualized after 24 h of culture by immunohistochemistry using an anti-neuro®lament antibody. The ef®ciency of electroporation was controlled for by the presence of EGFP-positive cells in transfected ganglia (data not shown) and axons present in the quadrant proximal to the 293T cell aggregate counted. Surprisingly, a low number of usually one or two Sema3A-unresponsive axons was sometimes present already in untreated ganglia (arrow in Fig. 4A ; n 23). Control transfection with EGFP and VSVPlexin-A1 expression vectors increased the number of axons present in the proximal quadrant only slightly (Fig. 4B , n 30; C, n 17). In contrast, the number of Sema3A-unresponsive axons clearly increased when truncated plexins were introduced. Sixty-®ve percent and 45% of dorsal root ganglia transfected with vectors for PlexinA1DcytGFP (n 17) or PlexinA2DcytGFP (n 20), respectively, extended more than 1 axon into the proximal quadrant compared to 19.4% (no treatment), 32.3% (EGFP), and 17.6% (VSVPlexin-A1) for the controls (Fig. 4A,B ,E). These results con®rmed that expression of truncated plexins suppresses the sensitivity of sensory axons for the repulsive effects of Sema3A.
Expression of the plexin-EGFP fusion proteins was detectable in neuronal cell bodies after electroporation, but EGFP¯uorescence was too low to be visualized consistently in their axons. In order to analyse axonal trajectories of transfected neurons we employed particle-mediated transfection of DRGs using gold particles Horch et al., 1999) coated with a mixture of tauEGFP to label axons (Rodriguez et al., 1999) and expression vectors for EGFP as control or truncated plexins as dominant-negative effectors. Twenty-four hours after transfection the trajectories of EGFP-labelled axons were analysed (Fig. 5A±G) . While the majority of EGFP-positive axons were repelled by Sema3A in control cultures (Fig. 5A± C,E, arrows; n 59) and extended away from 293T aggregates, neurons unresponsive to Sema3A and extending axons proximally towards co-cultured cell aggregates were evident in ganglia transfected with both deletion constructs (Fig. 5D ,F,G, arrows; n 69 for PlexinA1D cytGFP and n 66 for PlexinA2DcytGFP).
To quantify the effects of the different vectors, the ratio (p/d ratio) of axons that extended towards the Sema3A-secreting aggregate (i.e. axons insensitive to its repulsive effects) and those that extended in the opposite direction ( Fig. 6 ) was determined. In the control experiment (EGFP 1 tauEGFP) this ratio was 0.33, re¯ecting the predominantly distally directed extension of axons. In these cultures axons tended to be shorter (data not shown) which may re¯ect a suppression of their extension by Sema3A. As axons shorter than approximately three cell diameters where not evaluated, the p/d ratio of 0.33 for control ganglia may underestimate the effects of Sema3A. In contrast, transfection of PlexinA1DcytGFP shifted the p/d ratio to a value of 1.23, indicating that about equal numbers of EGFP-positive axons extended towards and away from Sema3A expressing aggregates. The effects for PlexinA2DcytGFP (p=d 0:9) tended to be not as pronounced as for truncated Plexin-A1, similar to the values observed with this vector for electroporated ganglia (Fig. 4) .
Discussion
Semaphorin receptors
Semaphorins have potent and cell-type speci®c repulsive and attractive effects on a wide variety of axons (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995 Pu Èschel et al., , 1996 Adams et al., 1997; Kobayashi et al., 1997; Bagnard et al., 1998; Chedotal et al., 1998; Polleux et al., 1998; Takahashi et al., 1998; de Castro et al., 1999; Mueller, 1999) . Analysis of the signal transduction processes that mediate their effects has been limited by the incomplete molecular understanding of their receptors. Recent work has shown that although neuropilins bind class 3 semaphorins with high af®nity they are not suf®cient to form a functional receptor and activate the downstream signal transduction machinery (Chen et al., 1997 (Chen et al., , 1998a He and Tessier-Lavigne, 1997; Kitsukawa et al., 1997; Kolodkin et al., 1997; Giger et al., 1998; Nakamura et al., 1998; Renzi et al., 1999) . The identi®cation of members of the plexin family as receptors for class 1 and virally encoded semaphorins (Comeau et al., 1998; Winberg et al., 1998) led us to test the possibility that members of this protein family are also involved in forming a receptor for the class 3 semaphorins and correspond to the missing signal-transducing receptor subunit.
The plexins have been originally identi®ed in a screen for neuronally expressed antigens that led also to the isolation of Npn-1 Satoda et al., 1995) . Independently, several human plexin genes were isolated (Maestrini et al., 1996) . Af®nity puri®cation of a receptor for a virally encoded semaphorin resulted in the identi®cation of VESPR (Plexin-C1), an additional member of this protein family (Comeau et al., 1998) . All plexins contain a N-terminal semaphorin domain and several cysteine-rich repeats that both are also present in c-Met and the related receptor tyrosine kinases (RTK) Ron and Sea (Maestrini et al., 1996; Winberg et al., 1998; Bork et al., 1999) . Thus, plexins belong to a super-family of semaphorin domain containing proteins that also includes the semaphorins and c-Metrelated RTKs. The most highly conserved sequence of plexin proteins, however, is their cytoplasmic domain which allowed us to identify four additional family members in GenBank. Sequence comparison of extracellular and cytoplasmic domains showed that these plexinrelated genes represent distinct subclasses (B and D) of this family. Although not as numerous as the semaphorins with about 20 genes in mammals (Semaphorin Nomenclature Committee, 1999) the vertebrate plexin family is fairly large with at least eight plexin genes.
Properties of plexin/neuropilin complexes
Both Npn-1 and -2 bind essentially all class 3 semaphorins (Feiner et al., 1997; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Chen et al., 1998a,b; Giger et al., 1998; Takahashi et al., 1998; Xu et al., 1998) but neuropilin expressing neurons respond only to a subset of them. Thus, neuropilin expression alone cannot confer speci®city for class 3 semaphorins. Here we show that plexins and neuropilins form a receptor complex that is more selective in its ligand-binding properties than the neuropilins. Interaction between plexins and neuropilins could be demonstrated directly by co-immunoprecipitation after heterologous expression and indirectly by their effects on semaphorin binding. This interaction was ligand-independent as neuropilin±plexin complexes could be detected in the absence of class 3 semaphorins. Most plexins tested interacted with neuropilins but differed in their effects on semaphorin binding. A Plexin-A1/Npn-1 complex displayed an increased B max for Sema3A but a decreased binding of Sema3C. Thus, while Npn-1 binds both Sema3A and 3C a Plexin-A1/Npn-1 complex can differentiate between these semaphorins. Plexin-A1 did not suppress completely binding of Sema3C to Npn-1. Residual Sema3C binding may result from Npn-1 molecules that remained uncomplexed due to insuf®cient Plexin-A1 expression levels. It will be interesting to determine if all neuropilin molecules are associated with plexins in vivo and if uncomplexed neuropilins perform speci®c functions distinct from those of plexin/neuropilin receptors. The presence of Plexin-A1 might explain why Sema3A but not Sema3C repels Npn-1 expressing sensory neurons. It has been reported that Sema3C acts as an antagonist for Npn-1 dependent effects . Npn-1/ Plexin-A1 complexes are unlikely to be responsible for this effect as they bind preferentially Sema3A. However, Npn-1/Plexin-A2 complexes showed an increased B max for both Sema3A and Sema3C and potentially could mediate effects by both ligands including antagonistic effects. These could result from either a competitive inhibition or the activation of intracellular signals that counteracts signalling by Sema3A activated receptors.
The molecular basis of changes in B max upon association of plexins and neuropilins remains unclear. Plexin/neuropilin interactions may uncover additional semaphorin binding sites on neuropilins. Alternatively, neuropilins may induce a conformational change that allows plexins to bind semaphorins directly. In contrast to class 1 and virally encoded semaphorins that can interact with plexins in the absence of additional factors, class 3 semaphorins may require the presence of neuropilins to be able to bind and activate plexins. Our results do not allow to distinguish between these possibilities.
While this paper was in preparation, two studies reporting similar results were published (Takahashi et al., 1999; Tamagnone et al., 1999) . While the central conclusion of these reports are largely similar to the data presented here, they differ in one important aspect. In contrast to our results, Takahashi et al. (1999) did not observe changes in the B max but in the af®nity for semaphorins. They report that a Npn-1/ Plexin-A1 complex has a higher af®nity for Sema3A, but not Sema3C, in comparison to Npn-1. We observed an increase in the B max also when employing the conditions (incubation temperature of 48C) used by Takahashi et al. (1999) . The reason for this difference, therefore, remains unclear and could stem from different expression systems used in the binding assays (COS7 cells by Takahashi et al. (1999) compared to 293T cells) or different methods to quantify bound ligand. Expressing suf®cient amounts of plexin/neuropilin complexes proved dif®cult and required an excess of plexin expression vectors as cells expressed only low levels of plexins after transfection (data not shown). The ratio of heterologously expressed plexins and neuropilins may in¯uence the number of receptor complexes formed and thus the apparent B max .
As neuropilins can interact with several different plexins it will be important to analyse if different complexes coexist in vivo and how they differ in their properties. However, the assembly of speci®c subunit combinations may be temporally or spatially regulated and not all possible combinations of plexins and neuropilins actually present in the developing nervous system. The high conservation of the cytoplasmic domain also raises the question if all plexins activate the same downstream targets that mediate both repulsive and attractive effects of semaphorins (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995; Bagnard et al., 1998; de Castro et al., 1999) .
Plexins are the signal-transducing subunit of a Sema3A receptor
In order to show that plexins are involved in activating downstream signal transduction cascades we tried to create dominant negative semaphorin receptors by deleting their cytoplasmic domain. Expression of truncated plexins in sensory neurons made these resistant to the repulsive effects of Sema3A, probably by interfering with the signalling of endogenous Npn-1±plexin complexes. These effects tended to be more pronounced for Plexin-A1 than for Plexin-A2. This may re¯ect different expression levels of the dominant negative receptors or different properties of these proteins. The dominant-negative effect of truncated plexins con®rms the hypothesis that plexins act as co-receptors for the secreted class 3 semaphorins. As several plexins can bind to Npn-1 it remains to be shown which member of this family is part of the endogenous receptor. Their cytoplasmic domain probably links the receptor complex to downstream signal transduction cascades, ultimately resulting in a structural change of the cytoskeleton and collapse of the growth cone. Our data suggest that the plexins not only function as signal-transducing subunit in a functional semaphorin receptor complex but also contribute to its speci®city by restricting the binding properties of neuropilins. The combination of plexins and neuropilins present in a receptor complex may therefore determine its speci®city and explain why different axons speci®cally respond only to some semaphorins (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995; Adams et al., 1997; Feiner et al., 1997; Bagnard et al., 1998; Chen et al., 1998a; Giger et al., 1998) .
Experimental procedures
Expression vectors
All cDNAs were cloned into the pBK-CMV expression vector (Stratagene). A mouse Npn-1 cDNA was generously provided by Dr. Fujisawa. A full-length Npn-2 cDNA was isolated by screening a mouse adult brain library with an EST cDNA clone (W45267). HA-tags were introduced by polymerase chain reaction (PCR) C-terminal of the signal peptides. The coding sequence of Plexin-A1, and -A2 was isolated by PCR from mouse E12.5 spinal cord cDNA. For plexin-A3 the sequence encoding the ectodomain and the transmembrane segment was ampli®ed and cloned into pBK-CMV to obtain pBKVSVplexinA3Dcyt. Clones encoding Plexin-B1, -B2, and -D1 were provided by the Kazusa DNA Research Institute (www.kazusa.or.jp/huge/). VSV-epitopes were introduced into plexin clones C-terminal of their signal peptides by PCR. The coding sequence of tau was ampli®ed by PCR from IREStaulacZ-LNL to introduce appropriate restriction sites and cloned into pEGFPN1 (Clontech) to obtain ptauEGFP. The cytoplasmic domains of Plexin-A1 and -A2 were replaced by EGFP by introducing appropriate restriction sites and fusing the coding sequences of extracellular domain and transmembrane segment to EGFPN1 (Clontech).
Immunoprecipitation
293T cells were transfected by calcium phosphate coprecipitation as described previously (Pu Èschel et al., 1995) . After 48±72 h of culture cells were lysed in 2% Triton X-100 in phosphate-buffered saline (PBS) supplemented with 2 mM MgCl 2 and the Complete protease inhibitor cocktail (Roche), and centrifuged for 30 min at 20 000 £ g. Supernatants were incubated with the anti-VSV antibody (Roche) for 30 min at 48C and precipitated with ProteinG-agarose (Roche) overnight at 48C. Bound proteins were eluted after four washes (1% Triton X-100/ PBS) with 0.1 M Glycine, pH 3.0, eluates separated by sodium dodecyl sulfate±polyacrylamide gel electrophoresis, and analysed by Western blot.
Binding assay
AP±Semaphorin fusion proteins (Adams et al., 1997; Bagnard et al., 1998) were expressed in 293T cells. For binding assays 293T cells were grown and transfected in poly-l-lysine-coated 24-well plates with 1 mg DNA per plate by calcium phosphate co-precipitation (Pu Èschel et al., 1995) . Cells transfected with the expression vector pBK-CMV (Stratagene) served to determine the amount of non-speci®c binding that was subtracted from values obtained for binding reactions with receptor expressing cells to determine the amount of speci®cally bound ligand. Binding assays were done essentially as described . Transfected cells were incubated with recombinant AP-semaphorin fusion proteins for 1 h at 378C or 2 h at 48C in MEM supplemented with 5% fetal calf serum (Life Technologies). Cells were lysed after three washes with PBS in 1% Triton X-100 (Sigma) in AP-buffer (100 mM Tris±HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 ). Endogenous phosphatases were inactivated by incubation at 658C for 45 min. Bound alkaline phosphatase activity was quanti®ed using 4 mg/ml p-nitrophenylphosphate in 1.5 M 2-amino-2-methyl-1-propanol, pH 10.3 (Sigma). All assays were done in triplicate. AP fusion proteins bound to intact cells were visualized by incubation with 34 mg/ml Nitro-blue-tetrazolium, 18 mg/ml 5-bromo-4-chloro-3-indolylphosphate, 0.6 mg/ml levamisole (Sigma) in AP-buffer. Cell surface expression of neuropilins or plexins was determined for cells transfected in parallel after ®xation with 4% paraformaldehyde in PBS (PFA/PBS) for 5 min at room temperature by immunostaining with a-HA or a -VSV antibodies and a secondary AP-coupled antibody (Roche). Cell surface expression was quanti®ed using 4 mg/ ml p-nitrophenylphosphate in 1.5 M 2-amino-2-methyl-1-propanol, pH 10.3 (Sigma).
Electroporation of ganglia
Sensory ganglia were explanted from E12.5 mouse embryos and electroporated (Teruel and Meyer, 1997) using an EPI600R square pulse electroporator (Dr. Fischer, Heidelberg) and an electrode distance of 3 mm with two pulses of 30 ms at 70 V. Transfected ganglia were cultured in a collagen matrix together with aggregates of 293T cells transfected with the BKSemaDP1b expression vector on polyornithine-coated petri dishes (Greiner) as described previously (Pu Èschel et al., 1995) . After 24 h, cultures were ®xed with 4% PFA/PBS and stained with the 2H3 monoclonal anti-neuro®lament antibody (Dodd et al., 1988 ) and a horseradish peroxidase-coupled secondary antibody essentially as described (Messersmith et al., 1995) . Only neuro®lament-positive axons in the proximal quadrant (Fig. 4) were counted that were at the same level as the aggregates expressing Sema3A. The 2H3 antibody was obtained from the Developmental Studies Hybridoma Bank maintained by the Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD, USA and the Department of Biology, University of Iowa, Iowa City, IA, USA under contract N01-HD-2-3144 from the NICHD. pEGFPC1 (Clontech) was used as a control.
Particle-mediated gene transfer
DRGs were explanted from E12.5 mouse embryos and transfected with the Helios Gene Gun System (Biorad) essentially as described Horch et al., 1999) . Seventeen mg of 1.6 mm gold particles (BioRad) were coated with a mixture of 100 mg expression vector and 50 mg of tauEGFP following the manufacturer's recommendations. Coated particles were accelerated into explanted DRGs with the Gene Gun pressurized to 80± 100 psi of helium. Transfected ganglia were cultured in a collagen matrix together with aggregates of 293T cells transfected with the BKSemaDP1b expression vector (Pu Èschel et al., 1995; Adams et al., 1997) on polyornithine (Sigma)-coated coverslips for 24 h and ®xed with 4% formaldehyde in PBS for analysis using an Axiophot (Zeiss) or TCS SP confocal microscope (Leica).
